Abstract. We have investigated the electronic structure of hexagonal β Al 9 Mn 3 Si and φ Al 10 Mn 3 through self-consistent calculations carried out within the LMTO method. This ab-initio approach is combined with the analysis of a simplified model hamiltonian for Al based alloys containing transition metal atoms. Our study shows the strong effect of an effective Mn-Mn interaction mediated by conduction electrons over large distances (5Å and more) on the atomic structure stabilization. We explain the role and the position of Si atoms, and the origin of a large vacancy which characterizes the atomic structure. As β and φ are related to Al based Quasicrystals and their approximants, it gives appreciable arguments on the stabilization of such complex phases. This work illustrates the importance of a detailed electronic structure analysis to understand some major aspects of complex crystallographic structures.
Introduction
The hexagonal β and φ phases are B2-type structure, which are often present in alloys containing Quasicrystals in Al(Si)-Mn and Al(Si)-Fe systems. The diffraction features of β and φ phases are quite different from those of icosahedral Quasicrystals and their approximants. But, several correlations with the atomic structure of Quasicrystals have been shown [1] . For instance, there is a strong resemblance of these structures with parts of the structure of µ Al 4 Mn with is related to Quasicrystals [2] . Moreover, their structure are strongly related to that of hexagonal Al 5 Co 2 which is an approximant of decagonal Quasicrystal with the shortest periodic stacking sequence along the tenfold axis [3] .
It is now commonly argued that Quasicrystals and approximants are Hume-Rothery phases [4, 5, 6, 7, 8, 9] . In these systems [10, 11] , the correlation between the crystalline structure and the average number of electrons per atom, e/a, minimizes the band energy. In this scheme, it has been shown experimentally that Quasicrystals and their approximants lie near one or two straight lines with constant e/a ratios [8, 12] . The e/a ratio of β Al-Cu-Fe phase is closed to 1.86 where the Quasicrystals and their related phases are stable [13] . That suggests that the Hume-Rothery mechanism which plays an important role in Quasicrystal stabilization is also important in β phase.
Usually theoretical studies of the Hume-Rothery mechanism do not take into account the great complexity of the atomic structure and the difference between chemical elements. For instance the original work of Smith and Ashcroft [5, 14] shows that HumeRothery mechanism stabilizes a hypothetical one-component Quasicrystals for specific values of e/a ratio. But up to now, one-component Quasicrystal and approximant do not exist. In previous works [15, 16] , we explained qualitatively the major effect of transition metal (TM) atoms in the stabilization and the electronic density of states for Al based alloys. But our analysis does not give quantitative arguments to determine the band structure stabilization in actual Quasicrystals and approximants. In particular, the effect of the very complex atomic structure (vacancies, large atomic clusters re-covering each other...) [17] on the electronic stabilization is not yet understood.
Here, we combine an ab-initio study of the electronic structure in β and φ phases with a real space approach in term of a realistic TM-TM pair potential. This potential is well adapted to study such complex atomic structures. That allows to understand the origin of a large hole (vacancy) which is one of the main characteristic of these phases, and the role of Si atoms in the stabilization. As β and φ are related to quasiperiodic phases, it gives appreciable argument to discuss the link between electronic structure and stability in Quasicrystals.
The paper is organized as follow. Section 2 presents the aspects of the structure which are important in our study. Section 3 describes the procedures carried out for the ab-initio calculations (LMTO method). Thermodynamic results, density of states and stability are discussed from LMTO results in section 4. These results are analyzed section 5 in term of Mn-Mn pair interaction mediated by conduction electrons. 
Magnetism is studied in section 6. A short conclusion is given in the last section.
Structure presentation
The unit cell dimensions of β Al 9 Mn 3 Si [18] and the φ Al 10 Mn 3 [19] are very similar, their space group is the same (hexagonal C6/mmc) and the atomic arrangement in the two phases are similar too (see tables 1 and 2). Environment of the Mn atoms is icosahedral (10 Al or Si and 2 Mn). The small Al(Si)-Mn distance suggests a strong effect of the sp-d hybridization. Each Mn is surrounding by two Mn, which lead to Mn triplet. The Mn triplets are not first neighbor together and the shortest distance between two Mn triplet is about 5Å. There are two isolated Mn triplet per unit cell. Similar Mn triplets are found in µ Al 4 Mn. Except that each Mn has two Mn first neighbors, the environment of Mn are close to that found in α AlMnSi approximant [20] .
The structure of the hexagonal Al 5 Co 2 [21] is very close to that of β and φ by replacing Co by Mn (table 1) . However in β and φ the site (2d) is empty whereas it is occupied by cobalt (Co(2)) in Al 5 Co 2 . Therefore, it is important to understand why the large hole (vacancy, Va) is maintained in β and φ crystals? The environment of Va is a trigonal prism (3 Al(1) and 6 Al(2)). Same coordination polyhedra is found in the complex structure of µ Al 4 Mn [2] and λ Al 4 Mn [22] crystals. But in µ and λ , this site is occupied by a Mn atom.
The role of Si is an important question in Al based Quasicrystals and related phases. In Al-Mn compounds there is no stable Quasicrystal, whereas stable Quasicrystal is found when a small proportion of Si is added [23] . The same effect occurs for the icosahedral phase AlCuCrSi [24] and for the approximants α AlMnSi [23] , 1/1 AlCuFeSi [25] , α AlReSi [26] ... The number of valence electrons are 3 and 4 per Al atom and Si atom, respectively. In the scheme of the Hume-Rothery stabilization, the substitution of a small mount of Al by Si should give a better e/a value. Form X-ray refinement, there is no direct way to distinguish between Al and Si. According to Robinson [18] , the Si atom are located on the (2a) positions in β Al 9 Mn 3 Si. The author argued that the interactomic distance of atom at (2a) positions from its six neighbouring Al atoms is less that between any other pair of Al atoms in the structure (table 2) . But, similar distance are found in φ Al 10 Mn 3 phase, that does not contain Si. By a comparison of β with φ, Taylor [19] suggests that Si atoms should be preferentially on (12k) positions in the β phase. In this article, we give arguments form ab-initio calculations to prove the effect of Si on the Hume-Rothery stabilization and to find the actual position of Si atoms.
LMTO calculation
The electronic structure is performed in the frame-work of the local spin-density approximation (LSDA) [27] by using the ab-initio Linear Muffin Tin Orbital method (LMTO) in the Atomic Sphere Approximation (ASA) [28, 29] . The space is divided in atomic spheres where the potential is spherically symmetric and interstitial region where it is flat. In the ASA approximation the sphere radii are chosen so that the total volume of the spheres equals that of the solid. In Al(rich)-TM alloys, the charge transfers between atoms is small [16] so the results are not affected by the choice of the radii of the spheres. A further approximation supposes that the kinetic energy in the interstitial region is zero. In the studied alloys that will not lead to unphysical overlap between spheres because the structure are compact enough. To treat the vacancies Va one introduces empty spheres on sites (2d).
Within the LMTO-ASA approximation, one builds a basic set of orthogonal orbitals χ ilm independent of energy. χ ilm is centered at the site R i of the atom i. In the sphere corresponding with the atom i, the angular momentum of χ ilm is mainly (l, m). In this basis, the Hamiltonian is:
with is valid up to second order in (E − E νlm ), where E iνlm is a reference energy chosen at the center of gravity of the occupied part of the band "il" with spin ν. C ilm is the middle of the band "il" and ∆ ilm , its width. The hybridization between bands is calculated from the structure constants, S ilm,i ′ l ′ m ′ , that depend only on the structure and the nature of atoms. When S ilm,i ′ l ′ m ′ = 0 for l = l ′ , one get pur l bands so-called canonical bands [29] . To understand the effect of the sp-d hybridization, we set to zero [30, 16] the corresponding structure constants in (1) . Such a calculation is physically meanlyfull because the d TM states are mainly localized in the TM sphere and the sp Al states are delocalized.
The LMTO-ASA basis includes all angular moments up to l = 2 and the valence states are Al (3s, 3p, 3d), Mn (4s, 4p, 3d), Co (4s, 4p, 3d), Si (3s, 3p, 3d) and Va (1s, 2p, 3d). To analyze the position of Si atoms in the β phase, we performed two kind of calculation corresponding respectively to β Al 9 Mn 3 Si and β (Al, Si) 10 Mn 3 . In β Al 9 Mn 3 Si, the Si atoms occupy the (2a) sites, and Al atoms, the (6h) and (12k) sites. In β(Al, Si) 10 Mn 3 , the Si atoms occupied randomly the Al sites. To treat this substitution, we consider an average atom (Al,Si). During the LMTO-ASA procedure this atom is simulated by an hypothetical atom with nuclear charge Z = (1−c)Z Al +cZ Si , where c is the proportion of Si atoms, and Z Al = 13, Z Si = 14 are the nuclear charge of Al, Si, respectively. Such a calculation is possible because the main difference between Al and Si is the number of valence electrons. We checked that the LMTO-ASA total energy of pure Al and pure Si are almost equal to that calculated with the average (Al,Si) atom with c = 0.01 and c = 0.99, respectively.
We use a scalar relativistic LMTO-ASA code, neglecting the spin-orbit coupling, with combined corrections which correct the ASA [28, 29] . To calculate the electronic density of states (DOS), the k integration in the reduced Brillouin zone is performed using the tetrahedron method [31] . The final steep of the self-consistent procedure and the DOS calculation are performed with 4416 k point in the reduced Brillouin zone. We checked that DOS has no significant difference when the number of k points increases from 2160 to 4416. Thus, the fine structure in the DOS (spicky peaks) are independent of this number, which shows that they are not artifact in the calculation.
LMTO results: Stability and electronic density of states

Stability
We have performed the total energy self-consistent calculation for different volume. Variation of volume is isotropic (the ratio c/a is constant and equal to the experimental value (table 1)), the atomic positions are not relaxed. The minimum energy is obtained for a lattice parameter a deviating by about −1.5 % from the experimental values (table 3) . From this dependence, the bulk modulii are also calculated. To compute the formation energy, we subtract from the calculated LMTO total energy the sum of the LMTO energies of each metallic constituent (Al, Si and Mn) with the proper multiplicity. We should emphasize that the accuracy of formation energy calculated within the muffin-tin approximation is not good as it imposes a spherical potential in atomic spheres. 
Density of states, effect of Si
The total densities of states (total DOSs) in β and φ phases (figure 1), are very similar. Except for low energies (less than −10 eV), the total DOS in β does not depend on the position of Si. At low energies, the parabola due to the Al nearly-free-electron states is clearly seen. The d band is located from −2 to 2 eV. This large width is due to a strong sp-d hybridization as it has been found experimentally [32, 33] and from first principle calculations [6, 16, 34] in many Al-TM alloys. Total DOSs present several fine valleys. Such a spiky DOS has been always found in LMTO DOS of small approximants of icosahedral Quasicrystals (α Al-Mn-Si [6] , 1/1 AlCu-Fe [35] , 1/1 Al-Pd-Mn [36] ...). It is a consequence of the small velocity of electrons (flat dispersion relations) and it may contribute to the anomalous electronic transport properties [6, 35, 37] . On the other hand, it has been been shown that spiky DOS should be related [38] to localization of electrons by atomic clusters [17] characteristic of the quasiperiodicity. But in agreement with the Hume-Rothery picture, this tendency to localization has a small effect on the total energy [38] . The existence or not of the spiky DOS in Quasicrystals and related phases is now much debated experimentally [39, 40] and theoretically [41] . The presented calculations do not give information on spiky DOS of Quasicrystals. But in case of β and φ DOS calculations, we checked that it is not an artifact of the calculation. Indeed as explained in section 3, the sharp feature does not depend on the non-physical parameters in the LMTO procedure (number of k points).
The sum of the local DOSs in Al and Si atoms is shown figure 2(a) . This DOS is meanly sp DOS. As expected in Hume-Rothery stabilization, it exhibits a wide pseudogap near E F due to the scattering of electrons by Bragg planes of a predominant Brillouin zone. Its width is about 1.1 eV, which is the same order of magnitude to that found in Al-Mn crystals [16] and approximants [6, 34, 35] .
In the vicinity of E F the total DOS in β and φ are rather similar excepted the position of E F . At E F , the DOS in β is 5.6 states/eV.cell, whereas it is 16.0 in φ phase. Indeed, the small amount of Si atom increases the average valence e/a in β. In a rigid band like model, that shifts E F up to the minimum of the pseudogap. In the scheme of the Hume-Rothery stabilization, the band energy is minimized when E F is located in the pseudogap. This difference explains why β phase is stable whereas φ phase is metastable.
From the LMTO total energy one finds also strong differences between β (Al, Si) 10 Mn 3 , and β Al 9 Mn 3 Si, where Si atoms are in (2a) atomic position. Indeed, two bonding peaks are present at low energies (at the energies −11.5 and −10.3 eV, respectively, figure 3) in the local DOS Si in β Al 9 Mn 3 Si, which is no more nearly-freeelectron states. Each Si atom has 6 Al and 6 Mn first neighbors (table 2). The closer proximity to Mn and the presence of the bonding peak in the partial DOS Mn suggest that the Si-Mn bond has a covalent character which increase the stability of β. 
sp-d hybridization
To study the effect of the sp-d hybridization, we performed self-consistent LMTO calculation without sp-d hybridization by setting to zero the corresponding terms of the Hamiltonian (section 3). In figure 3 , local Mn DOS, which is meanly d states, is drawn in the two case: with sp-d hybridization and without sp-d hybridization.
The comparison between these DOSs shows that the sp-d hybridization increases strongly the width of d band. That confirms the strong sp-d hybridization commonly observed in Al-TM alloys. The local {Al + Si} DOS (mainly sp DOS) is also strongly affected by the spd hybridization. Indeed, the pseudogap disappeared in the calculation without sp-d hybridization (figure 2). In Hume-Rothery alloys containing 3d transition elements, the stabilization mechanism is more complex than in sp alloys because of the strong sp-d hybridization in the vicinity of E F . Al and Si atoms, which have a weak potential, scatter the sp electrons by a pseudopotential V B almost energy independent. That leads to the so called diffraction of electrons by Bragg planes in sp alloys. But the potential of Mn atoms is strong and creates d resonances of the wave function. This potential varies rapidly with energy and it is large for energies ǫ such as E d − Γ ≤ ǫ ≤ E d + Γ, where 2Γ is the width of the d band and E d the on site d energy of Mn atom. In this energy range, the Mn atoms can be considered, in a first approximation, as hard spheres with radius equal to the size of the d orbitals (i.e. about 0.4Å) [38] . Thus the coherent scattering of sp electrons by the network of the Mn atoms via the sp-d hybridization should be strong in these alloys. Schematically, the sp conduction states are like free states |k diffracted by an effective pseudopotential V ef f . V ef f is due to the diffraction by the d orbital lattice via the sp-d hybridization. V ef f can be decomposed in two parts:
where i is a Mn site index. V d is the matrix element that couples the states |k and |k − K via the sp-d hybridization. As the states |k and |k − K are plane waves, their amplitudes are constant in the space, and we neglect the dependence of V d on |k and |k − K . The first term in (2) is the usual diffraction by Bragg planes for the nearly free electrons. The second term is the diffraction of the sp electrons by the network of d orbitals. This term is controlled by i e −iK.r di , which is a structure factor of the sub-lattice of TM atoms. As d Mn DOS is almost half filled, E F ≃ E d and the second term is the more large for energy closed to E F . The absence of pseudogap in the LMTO DOS calculated without sp-d hybridization confirms this analysis ( figure 2) .
In Refs. [15, 16] , it has been shown that local Mn DOS should strongly depends on the position of Mn atom in the real space. Therefore the effect of the sp-d hybidization may by different for inequivalent Al atoms of the structure. In φ, Al(0) as an local DOS rather different than Al(1) and Al(2). On of the main difference is the presence of a fine peak at E F in DOS Al(0). By comparison with the local DOS Mn(1) one finds that this peak is a consequence of the sp-d hybridization.
The vacancy
As explained in the introduction, a particularity of β and φ structures is the vacancy on 2d sites. This is the main difference with the structure of Al 5 Co 2 (table 1). Up to now the origin of the vacancy was unknown. We performed an LMTO calculation including a new Mn atom, named Mn(0) on the site (2d) in β Al 9 Mn 3 Si phase. The positions of atoms and lattice parameters are those of β Al 9 Mn 3 Si (table 1) . This new hypothetical phase is named β Al 9 Mn 4 Si. Its total DOS and local Mn DOSs, calculated without spin polarization, are drawn on figure 4. They are compared with Al 5 Co 2 DOS [16, 33] . In β Al 9 Mn 4 Si DOS, there is no pseudogap and E F is located on an anti-bounding sp(Al)-d(Mn(0)) peak. As shown in Ref. [15] , anti-bounding sp-d peak depends on the position of the TM atom and on the filling of the d band. Consequently a same position leads to an anti-bonding peak due to Mn(0) atom in the hypothetical β Al 9 Mn 4 Si and a bonding peak due to Co in actual Al 5 Co 2 . Same result is obtained with an hypothetical φ Al 10 Mn 4 , built by putting a Mn atom instead of the vacancy. 
Discussion: role of effective Mn-Mn pair interaction
In real space, the Hume-Rothery stabilization is a consequence of oscillations of charge density of valence electrons with energy close to E F [10, 11] . Schematically, the most stable atomic structure is obtained when distances between atoms is a multiple of the wave length λ F of the electrons with energy close to E F . In the previous section, we showed that the scattering of the valence sp states by the pseudopotential on Mn sites is strong. Therefore, the Friedel oscillations of charge of sp electrons around Mn atoms has a stong effect on the stabilization. It favors for specific Mn-Mn distances [42, 43] . In other work, the Hume-Rothery mechanism in Al based compounds containing TM can be viewed, in real space, as an effective long-range Mn-Mn pair interaction mediated by the Friedel oscillations of the sp electrons. A model pair potential for TM-TM in the aluminum host has been calculated by Zou and Carlsson [42, 43] from an Anderson model hamiltonian with two impurities, using a Green's function method. Mn-Mn [42, 43] and Co-Co [44, 45] medium range interaction have been used succesfully for molecular-dynamics studies [46, 47] of Al-Mn and Al-Co alloys near the composition of Quasicrystals. We also calculated the effective TM-TM pair interaction within a multiple scattering approach [38, 48] . Our result is shown in figure 5 .
The magnitude of the effective TM-TM pair interaction is larger than that of Al-TM pair interaction and Al-Al pair interaction, thus it should have a major effect on the electronic energy. This interaction has a long-range nature. As expected because of the sharp Fermi surface of Al, at large TM-TM distance r this pair potential has the following form (Friedel oscillations of the charge density):
where k F is the Fermi wave vector and the phase shift δ is determined by the nature of the TM atom. δ varies from 2π to 0 as the d band fills. The Mn-Mn long range interaction is larger than the interaction between other transition metal (Cr, Fe, Co, Ni, Cu), because the d orbitals of Mn is half filled, and the number of d electrons close to E F is large when in fact the most delocalized electrons are electrons with Fermi energy. Moreover it is clear from figure 5 and equation (3) that the position of minima of Φ T M −T M depend on the nature of TM atom. We focus on the "structural energy" E of TM sublattice in Al(Si) host. E is defined as the energy needed to built the structure from isolated TM atoms in the Al(Si) host. E per unit cell is:
The sum is on non-equivalent TM(i) Wyckoff sites in an unit cell. E T M (i) is the part of the structural energy due to each TM(i) atom. In non magnetic case (without localized magnetic moment of Mn atoms), E T M (i) is computed from the TM-TM pair interaction: r ij is the distance between TM(i) and TM(j). E T M (i) takes the different values for all TM atom located on the different Wyckoff sites. L is the mean-free path of the electrons due to scattering by static disorder or by phonons [49, 48] . L is difficult to estimate and depends on the structural quality and temperature. For the studied metallic alloys it should be large than 10Å. In equation 5, the sum does not include the first neighbors TM-TM contribution. Therefore our calculations analyze the effect TM-TM effective interaction mediated by the conduction electrons over large distances. In β Al 9 Mn 3 Si, φ Al 10 Mn 3 , actual o Al 6 Mn [50] crystals and actual α AlMnSi approximant [20] , there is only one Mn Wyckoff site therefore E = E M n . The negative value of E M n (figure 6) shows the strong effect of the Mn-Mn effective interaction over large distances in these phases. This is in good agreement with the Hume-Rothery stabilisation in sp-d alloys discussed in section 4.3.
The TM-TM effective interaction mediated by the conduction electrons gives a good explanation of the origin of the vacancy on site (2d) in β Al 9 Mn 3 Si and φ Al 10 Mn 3 . The difference between the structural energy in the hypothetical β Al 9 Mn 4 Si (see section 4.4) and the actual β Al 9 Mn 3 Si is E M n(0) calculated from equation 5 with the atomic structure of the hypothetical β Al 9 Mn 4 Si (Mn(0) is on site (2d)). E M n(0) is the variation of the structural energy for β Al 9 Mn 3 Si when Mn(0) atom is put on the empty site (2d). In the same way, we calculate the variation of the structural energy for φ Al 10 Mn 3 when Mn(0) atom is put on the empty site (2d). The energies E M n(0) for β and φ are drawn on figure 7. The comparison with E M n for actual β Al 9 Mn 3 Si and for actual φ Al 10 Mn 3 (figure 6) shows that Mn(0) located on the empty site (site 2d) is less stable than the other Mn atoms in β and φ. This is the reason why the site (2d) remains empty in β and φ.
The complex crystals µ Al 4 Mn [2] and λ Al 4 Mn [22] , with 563 and 568 atoms per hexagonal cell respectively, contain a site with the same local environment (trigonal prism). But these sites are occupied by Mn atoms: Mn(1) on site (2b) in µ Al 4 Mn [2] and Mn(1) on site (2d) in λ Al 4 Mn [22] . On figure 7, E M n(1) calculated with µ and λ atomic structure [51] are compared with those of Mn(0) for hypothetical β Al 9 Mn 4 Si and for hypothetical φ Al 10 Mn 4 . In spite of very similar local environment, E i differs strongly from β, φ phases to µ, λ phases. Consequently, Mn(1) is stable in µ and λ. Indeed, a great difference between the environment of Va in β, φ and the environment of Mn(1) in µ, λ is the presence to two Mn at distance 3.8Å in β and φ (table 2), whereas the smallest Mn(1)-Mn distance is 4.8Å in µ and λ. From figure 5 , it is clear that 3.8Å corresponds to unstable Mn-Mn distance whereas 4.8Å Mn-Mn distance is stable (see also Ref. [42] ). In Ref. [52] , experimental measurement and Mn-Mn interaction analyzes shown that Mn(1) is magnetic with a moment equal to 1 µ B . As the magnetic moment is small, the effect analyzed in [52] and the effect shown on figure 7 are not in contradiction [48] .
The situation in completly different for the actual Al 5 Co 2 . It contains two nonequivalent Co Wyckoff sites (table 1) since the site (2d) is occupied by Co(0). Indeed E Co(0) calculated with Co-Co pair interaction, is almost equal to E Co(1) (figure 8). Thus Co(0) is as stable as Co (1) . That confirms our analysis from the LMTO calculation in section 4.4 and the importance of TM-TM medium range effective interaction on the crystallographic structure in Al based alloys containing TM atoms.
Magnetic properties
The presence of localized magnetic moment in Quasicrystals and related phases containing Mn is much debated [15, 34, 52, 53, 54, 55, 56, 57, 58, 59, 60] . Very recently the correlation between localized magnetic moment and transport properties has been clearly shown experimentally by Préjean et al. [61] . Vacancies, Mn pairs, triplets, quadriplets, quintriplets, variation of interatomic distance from Mn are often invoked to explain magnetic moments [ show that the extreme sensitivity of magnetic properties to the atomic structure comes also from the effect of the Mn-Mn effective interaction mediated by the conduction electron. Therefore the analysis of the local environment (first neighbors) is not enough to understand magnetic properties. The unit cell of β and φ phases contains two Mn triplets distant from each other from about 5Å. Experimental measurements give non-magnetic Mn triplets [52] . Our LMTO electronic structure performed with spin polarized confirms that Mn triplets are non-magnetic in β Al 9 Mn 3 Si and φ Al 10 Mn. In order to determine the role of the effective Mn-Mn interaction on this result, we performed a LMTO calculation for the hypothetical β Al 9 Mn 1.5 Cu 1.5 Si phase, constructed from β Al 9 Mn 3 Si by replacing one Mn triplet by a Cu triplet in each cell. In this hypothetical crystals there is only one Mn triplet per unit cell, instead of 2 in actual β phase. The Cu has no long range interaction as its d orbitals are full, and it has almost the same number of valence sp electrons as Mn. Thus the Fermi energy is essentially unchanged as well as the local environment of the remaining Mn triplet. Yet the spin polarized LMTO calculation gives a magnetic moment equal to 1 µ B on each Mn in β Al 9 Mn 1.5 Cu 1.5 Si (the 3 Mn in a triplet are almost equivalent with a ferromagnetic spin orientation). It shows that Mn-Mn interaction up to 5Å and more holds Mn triplets in non-magnetic state whereas an Mn triplet impurity in Al should be magnetic. This is a numerical proof that the magnetic state of an Mn atom is very sensitive to all Mn atoms at a medium range distance. The energy of formation of magnetic moments in β Al 9 Mn 1.5 Cu 1.5 Si is −0.046 eV per triplet. In Ref.
[48], we show that the model of the spin polarized Mn-Mn interaction confirms this LMTO result.
Conclusion
The β Al-Mn-Si and φ Al-Mn crystals are not approximants of Quasicrystals but their atomic structure is related to that of Quasicrystals. Therefore, their studies gives appreciable arguments to understand the origin of the quasiperiodic stabilization in Al based alloys containing transition metal atoms. From ab-initio calculations and a simplified model hamiltonian, we show that a detailed analysis of the electronic structure is necessary to explain the following aspects of their structures.
The addition of a small amount of Si atoms shifts the Fermi energy to the minimum of the pseudogap in the DOS which stabilizes the structure of β. Moreover, LMTO calculation allows to find the actual position of Si atoms whereas X-ray refinement fails to distinguish between Al and Si.
Arguments are given to understand the origin of the large vacancy in β Al-Mn-Si and φ Al-Mn, whereas the same site is occupied by Co in Al 5 Co 2 . It is a consequence of the Hume-Rothery stabilization. Indeed, we show that in real space Hume-Rothery mecahnism can be viewed as Mn-Mn interaction mediated by the conduction electrons over large distance (5Å and more). This interaction forbids the presence of Mn on the vacancy whereas Co-Co interaction stabilizes Co on the same site. Moreover, we show that a site with the same coordination polyhedra is occupied by Mn atom in large approximants of Quasicrystals (µ Al 4 Mn and λ Al 4 Mn) because its medium range environment differs. In β Al-Mn-Si and φ Al-Mn, which are characterized by a number of valence electrons per atom close to that of Quasicrystals, the Hume-Rothery minimization of band energy leads to a "frustration" mechanism which favors a complex atomic structure. As their structure is related to Quasicrystals, it suggests that HumeRothery stabilization, expressed in term of Mn-Mn interaction mediated by conduction electrons, is intrinsically linked to the emergence of quasiperiodic structures in Al(Si)-Mn systems.
